Introduction
Evidence for internal motions in globular proteins reflecting the presence of m olecular flexibility has come from a num ber of different experim ental ap proaches that include for example M össbauer spec troscopy [1] [2] [3] , X-ray crystallography [4, 5] , electron param agnetic resonance (E PR ) [6 , 7] , and fluores cence spectroscopy [8 ] . Internal flexibility of proteins may be relevant to the mechanisms of allosteric transitions, protein folding and enzymatic activity. Using the spin label technique, an attem pt is made to adduce informations about the protein surface dy namic, for example the mobility of amino acid side chains, and how this dynamic is influenced by hydra tion and tem perature.
A nitroxide spin label covalently bound to a pro tein can be regarded as an artificial amino acid side chain. The E PR spectrum of this label is sensitive to the rate of nitroxide rotational motion. So the EPR spectrum of a bound spin label should directly reflect the motion of the macromolecule itself or some re sidual motion of the label with respect to the whole macromolecule. In the present investigation the pro tein molecule is immobilized by crystallization, by lyophilization, or by addition of sucrose to the pro tein solutions so that the rotational diffusion of the whole molecule is prevented or restricted so that it has no effect on the EPR spectrum. O ur aim in this paper is to extract informations about the residual motion of the spin label from the EPR spectrum and to investigate the dependence of this motion on tem perature and hydration.
For this purpose the E PR spectra of the labels 4-maleimido-2,2,6,6-tetra-methylpiperidinyl-l-oxyl (Mai 6 ), 3-maleimido-2,2,5,5-tetramethyl-3-pyrrolidinyl-l-oxyl (Mal5) and N-(l-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)iodoacetamide (JA A 6 ) bound to Cys ß93 of methemoglobin (m etHb) or oxy hemoglobin ( H b 0 2) are analyzed. M ai5, M ai6 and fractions of J A A 6 labels occupy the tyrosine pocket of this protein molecule providing a label position inside the molecule [1 0 ].
Johnson [6 ] has shown that the labels Mai 5 and Mai 6 exhibit motional fluctuations which have been detectable for desalted hemoglobin at approximately 258 K using saturation transfer techniques and at ap proximately 298 K using line width m easurements of normal absorption spectra. Using ELD O R m ethods, Hyde et al. [11] have also shown the existence of significant librational motion effects for Mai 6 labeled HbO? frozen in ice at about 263 K. In a p re ceding paper [1 2 ] one of us has dem onstrated that the strong decrease of the hyperfine splitting of J A A 6 labeled methemoglobin samples above 200 K must be due to motional fluctuations of the label.
In the present communication, a com puter model is applied to simulate the influence of librational m o tion on E PR spectra. Rotational correlation times of the residual label motion are deduced from the spec tra and it is carefully checked that the observed flue-tuations are due to fluctuations of the protein con form ation. Additionally the rotational correlation behavior of 2,2,6,6-tetram ethyl-4-oxopiperidine-loxyl (Tem pone), which had penetrated into methemoglobin single crystals was investigated to get inform ations about the water of crystallization and its properties close to the protein surface.
Methods

Materials and equipm ent
Oxyhemoglobin was prepared from fresh horse blood samples by the methods of Benesch et al. [13] . Spin labeling (JA A 6 , M al5, M al6 ) of oxyhemoglo bin followed the procedure of McCalley et al. [14] . The oxidation of the labeled oxyhemoglobin to methemoglobin was achieved by addition of a threefold am ount of K3(Fe(CN )6). The sample was desalted by running through a column of Sephadex G-25. Poly crystalline samples and single crystals were prepared by mixing the solutions of labeled m etHb with buf fered amm onium sulfate solutions according to the m ethod of Perutz [15] .
H ydrated samples were prepared by equilibrating lyophilized m etH b at 25 °C in quartz tubes on a high vacuum line, connected with a flask containing a mixture of degassed sulfuric acid and water of known composition. The vapor pressure of these mixtures at different tem peratures were taken from the litera ture [16] . The am ount of sorbed water is given by the ratio of weight W % = g(water)/g(dry protein) x 100 and was calculated from sorption isotherms given in [17] . Sucrose solutions were prepared at about 4% (w/v) intervals from 48% to 64% using reagent grade sucrose. Solution viscosities were taken from Landolt-Börnstein [18] . E P R spectra were measured on a home-made Xband spectrom eter equipped with a modified Oxford ESR 9 variable tem perature accessory. The micro wave power used was 0.1 mW, the modulation fre quency was 52 kHz and the modulation amplitude 0.4 x 10-4 T. The magnetic field was measured with a B ruker B-NM 12 instrum entation. 2,2-Diphenyl-lpicrylhydrazyl (D PPH ) powder served as a g-value standard (g = 2.0037). A fter analog-digital conver sion the spectra were recorded in a personal com pu ter (CBM 8296, Comm odore) and then transm itted to a Cyber 855 (Control Data).
Experim ental E PR spectra were characterized by means of least square fittings of simulated spectra with a tim e-independent effective Hamiltonian [12] : H = ße S g H + S A I (1) where H is the external field vector, ße the Bohr m agneton, S the electron spin operator, / the nuclear spin operator, g the electron g-value tensor and A the electron nuclear hyperfine interaction tensor. Introducing molecular motion with correlation times less than 1 0 -7 s the spectrum can be simulated by replacing the tensors g and A by spatial averaged effective tensors g' and A ' and this yields a timeindependent effective Hamiltonian
The validity of this effective Ham iltonian has been checked in the rotation correlation time range between 6 x 1 0~7 s > T > 1 0 " 10 s by least square fitting of generated pow der spectra using / / eff to spectra calculated using the stochastic Liouville method of Freed [19] . Param eters of the fitting procedure are the six principle values of the tensors g' and A '. It could be shown that the deviation of the fitted T rA ' from the "tru e" value TrA is less than 1.5% for Sz > 0.8. This check is described in detail elsewhere [12] . The degree of averaging of the spectra is characterized by an order or averaging param eter Sz defined as The tensor param eters without primes are the rigid limit values. Sz will change from 1 for the rigid limit case, A ' = A , to zero in the case of complete averag ing. In the following the experimental EPR spectra are characterized in terms of Sz and T rA '. All calcu lations and spectra simulations were executed on a C Y B ER 855 com puter.
Results
M ethem oglobin labeled with M a i6 or M ai5
The behavior of the param eter Sz and of the trace of the hyperfine tensor 1/3 TrA , with tem perature for the crystallized and lyophilized samples is shown in Fig. 1 . The values Sz of all samples decrease with increasing tem perature. Above 190 K the rate of change of Sz of the wet samples is greater than that of the dry sample. But the trace of the hyperfine tensors of all samples is independent of tem perature in the whole tem perature range investigated even in the tem perature range between 190 and 300 K. How ever, the hyperfine separation as well as 1/3 TrA of the lyophilized m etHb-M al5 sample is less than the corresponding values of the wet samples. It is known that the value of the trace of the hyperfine tensor is a criterion for the polarity of the label environm ent, and it could be shown that the values of 1/3 TrA and A zz for spin labels in environments of different polar ity are correlated [12] . So the difference of the values of 1/3 TrA of the different m etH b-M al5 samples are due to different environm ental polarities the labels are exposed to. On the other hand, the independ ence of the trace of A from tem perature is strong evidence that the tem perature-induced change of the tensor element A zz and of Sz, especially in the tem perature range above 200 K. is not due to tem perature-induced changes of the polarity but must be due to changes in motional freedom.
A simple model for anisotropic motional fluctua tions is to allow the molecular z-axis of the attached spin label to execute limited amplitude oscillations. Plausible mechanisms of label motions include inver sion of the N -O bond with respect to the C -N -C plane within the six-membered nitroxide ring or to r sional oscillations of the nitroxide ring about the C -N bond between this ring and the leg of the label [6 , 7] , Each of these mechanisms will produce tran sient reorientation of the nitroxide principle z-axis with respect to the external magnetic field. In the first step we shall assume that these torsional oscilla tions are of high frequency ( tc < 10~10 s) [4] , This can be expressed by partial averaging of the A zz, A yy and A xx hyperfine tensor elements. Since there is nearly axial symmetry of the hyperfine matrix of the spin labels used here we may apply the formulas derived by Van et al. [20] for the oscillation model setting v4xx = A^ = A ±. The relation between the elem ents of the rigid limit tensor A and the motional averaged param eters A zz( y ) yields:
A tem perature dependence in the oscillation am plitude will produce a tem perature-dependent hyper fine separation. We consider the steric restriction of the label binding site as being equivalent to an en er gy barrier £ a, which hinders full 180° rotational motion of the nitroxide ring about the C -N bond between the nitroxide and the "leg" . As an approxi mation, we assume the potential well to be of the form [4] U = E a( l -c o s :0).
For small amplitude motion the dependence of cp on tem perature is given by [4] cp(D = (RT/E a)v2.
Least square fits of Eqn. (3) and (5) to the experi mental values A ZZ(T) yield the rigid limit param eters A zz and the energies £ a. The param eters £ a are given in Table I , the fits are shown as lines in Fig. 1 . The results indicate that this model is a good description of the tem perature dependence of A zz( y ) and S7 for the lyophilized dry sample in the whole tem perature range shown and for the wet samples with a high tem perature cut off at T = 200 K. The semiangle of oscillation may be calculated from the experim ental ly determined values of 5Z using Eqn. (2) and (3). It holds:
with P defined in Eqn. (3) . For the lyophilized dry system, the assumption of a constant £ a is probably reasonable and the model is adequate to fully explain the observed tem perature dependence of this system. However, the strong de crease of Sz for all water-containing samples above 200 K cannot be described by this model with a tem perature-independent potential energy barrier Ea. In frozen aqueous systems, there is evidence that the ice structure around the protein will produce strong suppression on the nitroxide librational m o tion. The values of £ a, determ ined for these systems up to 200 K, are significantly greater than that of the lyophilized, dry sample (cf. Table I ). As the tem per ature increases and the ice structure around the pro tein relaxes, the protein flexibility will increase, which would probably lead to an increase of the am plitude of librational motion. This mechanism could explain the changes of the EPR spectra betw een 200 and 260 K but it is no explanation for the behavior of Sz with tem perature above the melting-point of water.
Since the presence of water at the surface of the protein seems to be an essential condition for the changes of the E PR spectra above 200 K, a second mechanism for the spectral changes has to be discuss ed. Adsorbed w ater in myoglobin single crystals is found to exhibit a fast increase of the relaxation rate with tem perature between 200 K and 300 K So we drop the restriction of high frequency oscil lations and take into account not only the semiangle of oscillation but also the rate of oscillation. A simple model is to allow the molecular z-axis of the bound label to jump between two orientations with respect to the external magnetic field characterized by the semiangle 0 with a rate r. The theory of EPR spectra simulations on the basis of this model is given in the appendix.
Several spectra simulated using values of x = 1/(6r) in the range 10~I(I to 10~7 s are given in Fig. 2 for different semiangles 0. As the rate of the oscillation and the semiangle increase, the separation between the outer extrema (2 A zz) decreases, a consequence of motional averaging of the hyperfine anisotropy in the plane perpendicular to the oscillation axis of the spin probe. The degree of motional averaging of the simulated spectra is again characterized by the pa ram eter Sz (Eqn. (2)). For three angles 0 the be havior of Sz with correlation time t is given in Fig. 3 . Additionally the Sz values for isotropic Brownian dif fusion are shown. This curve was determ ined from the fittings of spectra calculated on the basis of the tim e-independent effective Hamiltonian Eqn. (1) to spectral simulations using the exact stochastic Liouville m ethod of Freed [19] . All curves show a similar behavior of Sz with the steepest descent be tween 1 0~9 and 1 0 -8 s independent of the semiangle 0. For values of x less than 10-11 s Sz shows an asymp totic behavior with boundary values Sz(0 ) depending on 0. In the range 10-1 0 < x < 5 x 10~8 s x can be calculated from the observed values of Sz using the empirical relationship Sz -Sz(0) 1° x = 2.27
If we assume an activation process to describe the tem perature dependence of the rate of oscillation, the term x in Eqn. (7) has to be replaced by x = x0 e x p (-A H V R T ) and Eqn. (7) may be fitted to the experim ental val ues given in Fig. 1 to get the param eters x0, AH* and Sz(0), which are assumed to be tem perature-inde pendent in the tem perature range considered. The values of x have then been calculated using Eqn. (7) with the experimental values of Sz and the fitted values of Sz(0 ). A rrhenius plots are given in Fig. 4 . Within experi mental error there is no deviation from linear de pendence in the plots illustrated. The behavior of the correlation times for the polycrystalline m etH b-M al6 and m etHb-M al5 samples with tem perature is identi cal within experimental error. The enthalpy of acti vation for the fluctuations of these labels determ ined from the slope of the regression curve is found to be 19.0 ± 1 .0 kJ/mol. However, these two systems differ slightly in the boundary value Sz(0 ) and therefore in the semiangle of oscillation. We get 0 = 30° for the M ai6 system and 0 = 27° for the M ai5 system. The A rrhenius plot of the lyophilized m etH b-M al5 with a hydration degree W % = 16.3 shows also linear be havior. The enthalpy of activation was calculated to 17.8 ± 2.0 kJ/mol and is identical with the value of the polycrystalline samples within experim ental error. However, the values of x are less than those of the polycrystalline samples in the whole tem perature range investigated, reflecting a higher degree of re striction of this kind of label motion in the hydrated lyophilized sample. With a degree of hydration sub stantially less than W% = 8 (unpublished results) this kind of motion is not visible any more in the EPR absorption spectra. Since spectral changes are detectable if x is less than 1 0~7 s, the disappearance of these changes is evidence that the correlation times of the fluctuations in these lyophilized samples exceed 1 0~7 s.
O xyhem oglobin labeled with JA A 6
The observed label fluctuations are not unique to polycrystalline or hydrated lyophilized Mal-labeled hemoglobins. As an example the correlation times of J A A 6 -labeled H b 0 2 in solution have been deter mined. By addition of sucrose to the solution the viscosity has been increased to an am ount that the rotational diffusion of the whole hemoglobin mole cule has a negligible effect on the EPR spectra. This has been checked by extrapolation of the Sz versus 77r) curves to infinite viscosity (T/r) = 0).
In H b 0 2-JA A 6 samples, two orientations of the spin label with respect to the whole molecule have been identified [22] , One of these orientations ex tends into the tyrosine pocket and the orientation found is identical to that of Mai 5 and Mai 6 labels [10] . The spectral components corresponding to this fraction of JA A 6 labels may be separated from the whole EPR spectrum due to the strong immobiliza tion and the resulting higher hyperfine separation compared to the weakly immobilized components. The correlation times of the strongly immobilized fraction of JA A 6 are shown in Fig. 4 . We can recog nize a very similar behavior of the correlation times of the label fluctuations in this sample compared to those of the polycrystalline m etHb-M al5 and m etH b-M al6 samples. The slight difference between the values of x of the two sets of samples might be due to the different labels and different conform a tional environments of the label-binding sites.
Unbound radicals diffused into methem oglobin single crystals
The water content of m etHb single crystals is 52% [23] consisting of bound water and bulk water. The influence of this water of crystallization on the rota tional fluctuations of small molecules will give fur ther information about the labels fluctuations. For this purpose we investigated m etH b single crystals into which tem pone radicals have diffused. These radicals did not react with the protein within the time of investigation and we got an isotropic spectrum independent from the orientation of the crystal with respect to the external magnetic field. So the radicals are assumed to rotate freely and deliver informations about the local viscosity. The rotational correlation times of the radicals were determ ined using the cali bration curve for 5z(t) for isotropic Brownian rota tional diffusion. In the whole tem perature range the rotational correlation times of the free and the bound labels are correlated (cf. Fig. 4) . Above 260 K (1000 KIT = 3.9) the values of rotational correlation times of the free radicals equal almost those of the bound labels. The discontinuity found for x(T) of the free radicals at 260 K may be explained by melting of the bulk water inside the crystals. Above this tem perature the interm olecular water cavities are an ad ditional solute volume for the unbound radicals and the overall rotational correlation time decreases. These results have been achieved with crystals in a w ater-saturated atm osphere. On drying the crystals the rotational correlation times of the free and of the reacted labels increase in the same manner.
Discussion
Mechanisms o f label motion within the protein matrix
Johnson has discussed several possible mecha nisms of label motion within the protein matrix [6 ] which include a) ring conformational transitions be tween "bo at" and "chair" conformations or between two possible "tw isted" ring conformations, or inver sion of the N -O bond with respect to the C -N -C plane within the nitroxide ring, b) torsional oscilla tions of the nitroxide ring about the C -N bond be tween the Tem po and the maleimide moieties of the label, and c) protein structural fluctuations which af fect the label conformation and orientation within the protein. We consider now how far the librational mechanisms listed above are compatible with our experim ental results. a) A ring conform ational transformation between the "bo at" and "chair" forms would be to reorient the principle x-and z-axes by 104° while the transfor mation between the two twisted forms would pro duce a 50° reorientation of the axes [6 , 24] , These are much larger angles than are actually observed. Data from EPR crystallographic studies of M al6 -labeled horse Hb suggest that the Mai 6 nitroxide ring prob ably exhibits only one ring conformation within its binding site [25] . Inversion of the N -O bond about the C -N -C plane would reorient both the principle jt-and z-axes by approximately 35° in the six-membered ring and less than 7° in the five-membered ring [24] , The experim ents show identical behavior of the relaxation rates above 200 K and similar angles of oscillation for both the six-and five-membered rings in the polycrystalline samples. Thus it appears un likely that ring conformational transitions contribute significantly to the m otional mechanisms observed here.
b) Since the rigidly bound nitroxide rings should be quite analogous to sterically hindered tyrosine rings, theoretical results concerning the dynamics of tyrosine side chains in proteins should be considered. The frequency of torsional oscillations of tyrosine rings are found to be in the range 1 0 1: to 1 0 1' s-1 [26] . The root mean square fluctuations of the torsion an gle and the torsion axes will be tem perature-depend ent and are found to be between 9° and 38° at T = 308 K. These torsional oscillations seem to be ade quate to describe the tem perature dependence of the EPR spectra of the lyophilized dry sample and of the water-containing samples up to 200 K as discussed above. However, for the fluctuation mechanism ob served above 200 K the correlation times of the wet samples differ from those predicted for torsional oscillations by about 4 orders of m agnitude, so this mechanism alone does not fully explain the experi mental results. c) Thermally induced fluctuations in protein con formation might also affect the conformation of the label-binding site. These conformational fluctuations might change the orientation of the label or mod ulate the intram olecular modes of label motion, for example the torsional oscillations discussed in b). From M össbauer spectroscopy of the heme iron of myoglobin [3] and from investigations of myoglobin by Rayleigh scattering of Mössbauer radiation [2] we know that protein specific intramolecular move ments with t < 1 0 -7 s become visible above a charac teristic tem perature of typically 200 K. A similar be havior is seen here for the fluctuations of the label in the tyrosine pocket with t = 10-7 s at T = 190 K independent of the type of spin label used. Thus, this type of motion can be well explained by fluctuations in protein conformation.
Influence o f temperature and hydration
From the above results we may separate between two types of motion, which are influenced by tem perature and hydration in a different m anner. A fast vibration of the label ( t < 1 0~12 s) within a limited motion cone determ ines the behavior of the EPR spectra of the dry protein in the whole tem perature range investigated. On addition of water to the pro tein the potential barrier characterizing this vibration increases (c/. Table I ). Simultaneously a second type of motion becomes visible, which we assign to fluctu ations of the protein conform ation. This process is strongly influenced by the properties of the hydra tion shell. An increase of the w ater concentration leads to an increase of the fluctuation rate. A similar behavior of motion was reported for spin-labeled ribonuclease [27] . On varying the tem perature from 220 K to 300 K the correlation times of the fluctua tions decrease from 2 x 1 0 -8 s to 1 0 -9 s in the sam ples of high water concentration (polycrystalline, vis cous solution). Similar behavior of the correlation times of free radicals rotating isotropically close to the surface of the protein and the anisotropic motion of the labels inside the protein are an additional indi cation of a strong interaction between the dynamical properties of the w ater surrounding the protein and the protein fluctuations. The dependence of these fluctuations on viscosity will be subject of a forth coming study.
Appendix
EPR spectrum o f a tw o-jum p m odel
A general description of the quantum mechanical spin motion under the influence of a stochastically m odulated Ham iltonian H is given by the stochastic Liouville equation [28] e (Q , 0 = i/h [H (Q ,t), q(Q ,0] -r q (Q , 0 (A 1 ) for the spin density matrix q. The underlying stochas tic process is described by the M arkoff operator T acting on the stochastic variable Q.
For a two-jump m odel, Q is replaced by an index a taking the values 1 or 2 and denoting the two possible states of the spin environm ent. The Ham iltonian is H a(t) = H a + e(t) (A 2) where H a is the proper spin H am iltonian, Eqn. (1) and 8 (t) the interaction with the microwave field. Y then becomes a 2 x 2 matrix defined by the jumping rates which, for the sake of simplicity, are both as sumed to be r. Ha and T define a tim e-independent equilibrium density matrix
for vanishing e(f), N being a normalization factor. qu is used to reformulate the stochastic Liouville equa tion of the two-jump model as
A rotationally invariant line width 7 V 1 is inserted to allow for further broadening due to other mecha nisms. Solving Eqn. (A 4) requires in general a large am ount of numerical calculations since there will be no set of basis vectors diagonalizing //, and H 2 simul taneously. A simple and numerically fast solution which is essential for the application to spectral simu lations and fits can be found in cases where the two states differ only so little that the Hamiltonians can be considered as diagonal in the same optimum basis. On this assumption there is no coupling among the possible transitions and Eqn. (A 4) can be solved analytically. The spin Ham iltonian, Eqn. (1), yields three transition frequencies depending on the nu clear spin projection M = -1 ,0 , and 1 and the Euler angles 0 and cp describing the orientation of the ten sor principle axes in the laboratory system. The explicite form of coM(0 ,cp) basing on the approximation of Libertini and Griffith [29] is given elsewhere [12] .
In order to define our two-jump model, we assume that at each average orientation {0 , cp} of the spin label -which is fixed by the orientation of the macromolecule -the label itself can take two states with {0 ± A0, cp}. The resulting transition frequen cies entering the spin equation of motion are hence % « = wM(0 ± A0, cp).
(A 5)
The interaction of the electron spin with the micro wave field, The resulting line shape at a given orientation {0 , cp} is in formal agreement with the one derived from the classical Bloch equations for a two-jump model of chemical exchange [30] , The textbook ex ample gives a good idea of the influence of the jum p ing rate r. At small rates r either state arises as a separate resonance line in the spectrum which hence becomes an ordinary powder spectrum. With in creasing rate, however, the two peaks broaden and finally collapse into a single line. Only at interm edi ate rates r ~ | coM1 -coM 2 1 the spectrum is sensitive to the rate and, due to the dependence of the toMa on the jumping angle A0, also to the geometrical changes connected with the rate process.
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